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system, and probably also in unicellular organisms (re-Brigitte Pettmann and Christopher E. Henderson*
INSERM U.382 viewed by Ameisen, 1996; Jacobson et al., 1997), has
been maintained to a very general degree in the nervousDevelopmental Biology Institute of Marseille (IBDM)
CNRSÐINSERMÐUniversiteÂ MediterraneÂÐAP Marseille system.
Why this should be so is still not clear. In many cases,Campus de LuminyÐCase 907
13288 Marseille Cedex 09 loss of neurons during development does not fulfill a
purpose as easily rationalized as sculpting digits, re-France
moving a tail, or eliminating lymphocytes of unwanted
specificities (Jacobson et al., 1997). Reduction of neu-
ronal death is not necessarily life-threatening in verte-The study of the mechanisms of cell death proceeds
brates in the laboratory environment. For example, knock-at an impressive pace. Here, our aim is to provide an
out mice for Bax (Knudson et al., 1995) and transgenicoverview of recent developments for neurobiologists not
mice overexpressingbcl-2 (Martinou et al., 1994),both ofdirectly involved in the cell death field. Although pro-
which have increased numbers of neurons, shownormalgrammed cell death also affects other cell types in the
life spans. However, there may be evolutionary pres-nervous system, we have focused specifically on neu-
sures linked to the (presumably) altered functional prop-rons. We summarize significant advances over the last
erties of the mutant adult nervous systems.two years, and ask to what extent it is now possible to
Several authors have proposed explanations for thedetermine: (1) why a given neuron dies at a given mo-
generality of neuronal cell death, based on correctionment, (2) how itdies as a result of different stimuli, and (3)
of erroneous projections, creation of pathways for axonhow it is protected from death in some circumstances.
outgrowth, numerical limitations imposed by mecha-
nisms involving successive cell doubling, transient func-Occurrence and Causes of Neuronal Cell Death
tions for the eliminated neurons, etc. (reviewed by Op-
penheim, 1991; Burek and Oppenheim, 1998). Although
Neurons may die at many different developmental stages
some of these hypotheses have received experimental
and for many different reasons. As in other tissues, dif-
support in individual systems, none seems to be gener-
ferent stimuli produce quite different morphological
ally applicable. Indeed, it remains to be demonstrated that
manifestations of cell death. Many authors have sought
a single explanation exists. In the nematode C. elegans,
to distinguish apoptosis (involving nuclear and cyto-
105 neurons (of a total of 1090 cells initially produced)
plasmic condensation and intranucleosomal DNA cleav-
undergo cell death, allowing in some cases for genera-
age, followed by phagocytosis) from necrosis (involving
tion of different resulting structures from similar initial
swelling of mitochondria and endoplasmic reticulum
lineages (Ellis and Horvitz, 1986). One role for neuronal
and subsequent loss of membrane integrity). However,
death that seems to be common to invertebrates and
these paradigms were developed for cancer cells (Wyllie
vertebrates is the creation of sexually dimorphic struc-
et al., 1980), and may be only partially valid for analyzing
tures (Bottjer and Arnold, 1997). Elsewhere in verte-
cell death in the nervous system, as in some cases
brates, the most generally accepted idea is that neurons
aspects of both may be manifest (reviewed by Clarke,
are produced ªin excessº in order that they may com-
1998). Here, we will therefore use these terms only in
pete for contacts with their cellular partners and thus
theirmost general sense, todistinguish where necessary
adjust their numbers so as to provide sufficient innerva-
between processes that involve activation of dedicated
tion of their targets.
cellular suicide machinery (programmed cell death, apo-
ptosis) and the destruction of the cell by external insults,
Intrinsic Influences on a Neuron's Decisionnot necessarily involving the activation of an intracellular
to Live or to Dieprogram (necrosis).
In C. elegans, neurons destined to die do so according
to a stereotyped scheme, as a result of the action ofNeuronal Cell Death during Development
several classes of gene (reviewed by Hengartner, 1996).Many of the first descriptions of programmed cell death
Upstream from the cell death process itself, ces (cellduring developmentconcerned thenervous system.The
death specification) genes seem to regulate the deathextent and variety of cell loss in different systems has
of specific groups of neurons (Ellis and Horvitz, 1991).been reviewed in detail (Oppenheim, 1991). Nearly all
For instance, in the case of the two pharyngeal neurose-identified classes of neuron seem to be produced during
cretory motoneurons (NSM), loss of function of ces-2,development in numbers greater than those in the adult,
a gene coding for a bZIP transcription factor, leads toonly to bepartially eliminated soon afterwards (reviewed
survival of the two NSM sister cells that normally die,by Oppenheim, 1991; Henderson, 1996), in some cases
but does not affect survival of other cells in the wormwell before the period of target contact (Yaginuma et al.,
(Ellis and Horvitz, 1991; Metzstein et al., 1996). The nor-1996). Thus programmed cell death, which is involved
mal role of ces-2 is therefore to cause these neuronsin development of many tissues outside the nervous
alone to die, and the decision to live or to die is taken
independently by each NSM sister cell. Elsewhere in the
worm, mutations in another gene, egl-1, cause specific* To whom correspondence should be addressed.
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loss of the hermaphrodite-specific neurons (HSN) that factors by the inactive postsynaptic cell, but evidence
for this is lacking. Indeed, in at least two different sys-control egg laying, although it is not known in this case
whether the gene product acts directly on the cell death tems, similar effects can be seen in the absence of the
postsynaptic partner in vitro (Hory-Lee and Frank, 1995)(Ellis and Horvitz, 1986). Thus, in the nematode, neurons
that are normally lost may express specific genes that or in vivo (Primi and Clarke, 1997), suggesting that the
mechanism may be intracellular.predispose them to cell death. In spite of this predisposi-
tion, death can be prevented experimentally by mutating
the downstream gene ced-3. Extrinsic Factors that Induce Cell Death
There are undoubtedly additional constraints involved during Development
in constructing the larger nervous system of vertebrates. Outside the nervous system, triggering of cell death
Nevertheless, it would seem surprising that vertebrate by extrinsic factors plays an important role in normal
neurons, which use a remarkably similar general cell development. For instance, signaling through trans-
death pathway (see below), should have kept no trace membrane receptors of the Fas/TNFR family is responsi-
of this mechanism. If analogous vertebrate genes were ble for regulatory elimination of many cells in the immune
to act in restricted neuronal populations, this would im- system (reviewed by Nagata, 1997), while hormonal
ply that competition for survival between sister cellsmay changes in amphibians and insects lead to massive
not be purely stochastic. Furthermore, the existence of metamorphic cell death (Jacobson et al., 1997). In the
such genes might help to explain the selective suscepti- nervous system, however, death-inducing phenomena
bility of certain neurons in a given population todegener- have been considered to be more associated with
ative disease processes. Vertebrate transcription fac- pathological processes than with development. This sit-
tors that bind to the same DNA sequence as Ces-2 seem uation is rapidly changing; we will discuss here the pro-
indeed to be involved in regulating cell death outside apoptotic role of a factor better known for its neuro-
the nervous system; their actions may be either pro- or trophic activity, nerve growth factor (NGF), but there is
anti-apoptotic in different cells (Metzstein et al., 1996). also evidence that in the early nervous system bone
Intrinsic influences on cell death are also important morphogenetic protein 4 (BMP4) can act in a similar
in insects. The Drosophila gene reaper, which codes for fashion (Graham et al., 1996; Furuta et al., 1997).
a protein similar to the ªdeath domainº of tumor necrosis The physiological role of NGF in many systems is to
factor receptor (TNFR1), is upregulated only in cells promote neuronal survival by acting through the TrkA
doomed to die (White et al., 1994). Ectopic expression receptor tyrosine kinase in association with the low affin-
of Reaper leads to rapid cell death, and deletion of a ity neurotrophin receptor, p75NTR, a member of the Fas/
chromosomal region that includes rpr and two other TNFR family (reviewed by Dechant and Barde, 1997).
death genes, hid (Grether et al., 1995) and grim (Chen et NGF is present in the early chick retina, and although
al., 1996), leads to suppressionof nearly all programmed TrkA is absent at these stages, some retinal neurons
cell death (reviewed by McCall and Steller, 1997). Like already express p75NTR (Frade et al., 1996). Application
ces-2, rpr acts upstream from the specific proteases of blockingantibodies toNGF in vivo leads to decreased
involved in cell death, both in insect cells and in verte- death of the neurons that express p75NTR, suggesting
brate cell extracts (White, 1996; Pronk et al., 1996; Evans that in this system endogenous NGF plays a pro-apo-
et al., 1997). ptotic role. Since retinal neurons are also saved by anti-
Although itself obviously modulated by external influ- bodies to p75NTR that inhibit binding of NGF, the neuronal
ences, the intrinsic state of activity of a neuron may killing is probably mediated by the low affinity receptor.
crucially affect cell death. Removal of afferents or block- Strikingly, the cellular source of NGF seems to be the
ade of afferent activity in several systems leads to an microglia that migrate into the retina at early stages
increase in programmed cell death, suggesting that de- (Frade and Barde, 1998). NGF also seems to act through
polarization normally favors survival (Okado and Oppen- p75NTR during development to negatively regulate num-
heim, 1984; Galli-Resta et al., 1993; Kelley et al., 1997). bers and cholinergic phenotype of forebrain cholinergic
In accordance with this, culture of several types of neu- neurons, since the number and size of these neurons
ron in elevated extracellular K1 concentration leads to are increased in p75NTR null mutant mice or in normal
enhanced survival. This has been demonstrated in some mice treated with a peptide that inhibits binding of NGF
cases to reflect increases in cellular Ca21 concentration to p75NTR (Van der Zee et al., 1996; Yeo et al., 1997; but
toward an optimal set-point (Franklin et al., 1995), but see Peterson et al., 1997). Here also, there is evidence
may also reflect inhibition of outward K1 currents, which
that the neurons normally eliminated by NGF action ex-
have been implicated in apoptosis of cultured cortical
press p75NTR but not TrkA (Van der Zee et al., 1996).
neurons (Yu et al., 1997). Depolarization may increase
survival by making central neurons more responsive to
Death by Trophic Deprivationneurotrophic factors (Meyer-Franke et al., 1995) or by
Perhaps the most frequently proposed explanation forenhancing endogenous synthesis of these factors (Ghosh
death of vertebrate neurons during development is thatet al., 1994).
those produced in excess compete for access to limitingIn contrast, the use of curare or saxitoxin to block
quantities of neurotrophic factors produced by their tar-activity at the level of the efferent synapses of motoneu-
get and neighboring cells; the neurons that are unsuc-rons or neurons of the isthmo-optic nucleus has the
cessful then die (reviewed by Oppenheim, 1991; Burekopposite effect: it reduces cell death (Pittman and Op-
and Oppenheim, 1998). Currently the most compellingpenheim, 1979; Primi and Clarke, 1997). One possibility
is that this represents increased synthesis of trophic molecular evidence for this hypothesis concerns the
Review
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role of members of the neurotrophin family in regulating 1997), caspase inhibitors (Milligan et al., 1995), or curare
(Pittman and Oppenheim, 1979). These different phar-neuronal survival in peripheral sensory ganglia of the
mouse. Here, inactivation of single genes for neuro- macological requirements may reflect differences in the
detailed mechanisms underlying normal and ablation-trophic factors leads to lossof specific neuronal popula-
tions in a gene dosage±dependent manner, showing induced cell death and raise the possibility that some
forms of naturally occurring neuronal death may not bethat, at least in some cases, quantities of neurotrophic
factors present in vivo are indeed limiting (reviewed by caused by trophic deprivation.
Two other lines of argument make the role of competi-Snider, 1994). Conversely, overexpression or experi-
mental administration of the same trophic factors can tion in the central nervous system less easy to define.
First, in spite of the fact that many neurotrophic factorsreduce cell death in the same populations, suggesting
that neurons may normally die through lack of these show strong pharmacological effects oncentral neurons
in vivo, few central neurons are lost in the correspondingfactors (e.g., see Oakley et al., 1997; Wright et al., 1997).
The idea that a privileged role of neurotrophic factors knockout mice, though this may in some cases reflect
the existence of redundancy between different factorsis to regulate naturally occurring neuronal death is per-
haps linked to the fact that historically their discovery (Minichiello and Klein, 1996). Second, central neurons
may require trophic support from different cellular part-relied on target ablation. In these paradigms, increased
cell death was inevitably observed after the normal pe- ners (Snider, 1994). For instance, 80%±90% of motoneu-
rons die in the absence of either muscle (Grieshammerriod of target contact, which coincides in many cases
with the normal cell death period. In fact, there is now et al., 1998) or Schwann cells (Riethmacher et al., 1997),
suggesting that they need trophic support from bothgenetic and cell culture evidence that, as for most other
cell types (Raff, 1992), neurons and their precursors ab- sources. In order to survive, motoneurons must therefore
presumably integrate signals from Schwann cells actingsolutely require trophic support from different sources
for survival at developmental stages both before and mainly on axons and signals from muscle cells acting
near nerve terminals (Arce et al., 1998). If competitionafter naturally occurring cell death (ElShamy and Ern-
fors, 1996; Farinas et al., 1996; Sendtner et al., 1996; is involved, those motoneurons that eventually survive
need to ªwinº at both levels. For this to occur reproduci-Davies, 1997). Nevertheless, at these stages there is
relatively little cell death during normal development. bly from one embryo to the next, it is hard to imagine
that some motoneurons do not enter the competitionAdjustment of cell numbers by limiting quantities of tar-
get-derived factors during the cell death period, where with at least a selective advantage, and that therefore
the competition is not purely stochastic. This advantageit occurs, is therefore in some sense a special case and
not the only fundamental role of neurotrophic factors. could conceivably be based on cell-to-cell differences
at the level of some intrinsic factors, such as ces genesIndeed, in the central nervous system, the current
evidence for competition for trophic support as a means or activity (as discussed above and in Oppenheim,
1991).of regulating cell death is less clear-cut. The first argu-
ment for the neurotrophic hypothesis came from the
demonstration by Hamburger and others that early limb Abnormal Occurrence of Neuronal Cell Death
Neuronal cell death can occur abnormally by its timing,bud ablation in chicken embryos leads to death of all
motoneurons that would normally have innervated the its causes, or its extent. In many cases, changes in
the normal pattern of neuronal death are reflected inlimb, whereas grafting an extra limb bud (or adding mus-
cle extract) can save some of the 50% of motoneurons impaired survival or altered behavior. This is obviously
of particular importance when the human nervous sys-that would normally die (reviewed by Oppenheim, 1991).
The reduced survival after limb ablation clearly shows tem is concerned, but much has been learned of such
processes by studying even very simple animal and cel-that the motoneurons that normally survive require limb-
derived neurotrophic factors. However, the fact that lular models.
In man, extensive neuronal death is observed in neu-muscle extract can rescue some motoneurons does not
demonstrate that these neurons die through lack of mus- rodegenerative diseases and after stroke and trauma.
The majorityof cases of the neurodegenerative diseasescle-derived factors, since pharmacological agents such
as curare can have the same or greater effects (Pittmann amyotrophic lateral sclerosis (ALS), Parkinson's disease
(PD), and Alzheimer's disease (AD) are sporadic, andand Oppenheim, 1979). Other results indeed suggest
that there may be mechanistic asymmetry between nat- the crucial causal events have not been identified. For
each of these diseases, however, a small fraction ofurally occurring cell death and death induced by limb
ablation. If 50% of motoneurons normally die because patients inherit familial forms, which are similar but not
identical to the sporadic diseases. Identification of thethey have failed to compete for trophic support, then
increasing this figure to 100% by prior limb ablation affected loci provides much information about the sur-
vival requirements of specific neuronal populations. Forshould simply reflect a quantitative increase in the same
process. However, the only agents known to protect example, mutation or deletion of a novel gene, smn
(survival motor neuron), probably involved in maturationagainst neuronal death induced by experimental trophic
deprivation are muscle extract and, to a lesser extent, of nuclear RNA, leads to a specific loss of motoneurons
in the spinal cord of children with spinal muscular atro-glial cell line±derived neurotrophic factor (GDNF) (Cal-
deroÂ et al., 1998), whereas death of the motoneurons phy (Lefebvre et al., 1995; Liu and Dreyfuss, 1996). Inter-
estingly, SMN can interact synergistically with Bcl-2 tonormally lost can be significantly reduced by in ovo
application of a variety of neurotrophic factors (reviewed inhibit cell death in cell lines (Iwahashi et al., 1997). Gain-
of-function mutations in Cu,Zn-superoxide dismutaseby Oppenheim, 1996; deLapeyrieÁ re and Henderson,
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(SOD) can cause the loss of cortical and spinal motoneu- tube, either in the absence of endogenous retinoids (Ma-
den et al., 1997) or in the kreisler mutant mouse (McKayrons characteristic of familial ALS (Brown, 1997). Some
et al., 1994).familial Parkinsonian patients lose dopaminergic mid-
brain neurons as a result of mutations in the gene for
a-synuclein, which is normally expressed in presynaptic Molecular Mechanisms of Neuronal Cell Death
nerve terminals (Polymeropoulos et al., 1997). The ma-
jority of familial cases of Alzheimer's disease represent The death of neurons in different situations may thus
mutations in the genes coding for presenilins 1 and 2 reflect absence of survival factors, presence of intrinsic
(reviewed by Kim et al., 1997), which are probably in- or extrinsic death factors, or both. In programmed cell
volved in Notch signaling during embryogenesis. Hope- death, much progress has been made in understanding
fully, careful study of these and other new candidate the molecular mechanisms that link these stimuli to the
genes will provide not only further insight into mecha- cell death decision, in which Bcl-2 family members play
nisms of normal and pathological neuronal death, but a critical role, and thence to the execution of the death
also potential approaches for treatment of the sporadic program and in particular caspase activation. Although
forms of each disease. the mechanisms and pathways we will describe are cer-
Cell death in stroke, trauma, and some neurodegener- tainly not the only ones used in a given cell type, and
ative diseases seems to result from the accumulation may not be applicable in all neurons, they provide a
of high local concentrations of excitatory amino acids, fascinating insight into the levels at which signaling
in particular glutamate (Coyle and Puttfarcken, 1993). In pathways may interact, and at the same time suggest
neurons expressing the appropriate glutamate recep- sites of therapeutic intervention (Figure 1). Many of the
tors (see below), accumulation of glutamate probably results have been obtained in cellular or even cell-free
leads to excessive levels of Ca21 influx, cell death, and systems, and in vivo confirmation of the conclusions is
consequent release of endogenous glutamate (reviewed still lacking. For this reason, we have summarized in
by Choi, 1995). This self-propagating aspect of excito- Table 1 the genetic evidence from studies in the mouse
toxicity underlies the development of ªsecondary le- for the precise biological role of some of the principal
sionsº in the days and weeks following the initial insult. actors.
The type of cell death caused seems to depend on the In this account, we will begin by describing the last
nature of the insult, but a current consensus might be step in the general apoptotic pathway, and then pro-
that the acute cell death directly related to hypoxia or gressively work back to the different upstream control
injury may be similar to necrosis, whereas apoptotic mechanisms that feed into it. Many of these were dis-
death is involved in propagation of the secondary lesion covered during 1997; pressures on space mean that
(e.g., see Bonfoco et al., 1995; Liu et al., 1997b). Re- we must give a consensus vision of the emerging pic-
cently, it has been suggested that excitotoxic mecha- ture, rather than describing step-by-step the individual
nisms may play a role in neuronal cell death in other studies. These were vividly recounted in many excellent
contexts. For instance, NMDA receptor antagonists sig- reviews throughout the year (Golstein,1997; Hengartner,
nificantly reduce naturally occurring motoneuron death 1997; Reed, 1997; Deshmukh and Johnson, 1997; Franke
in the chicken embryo (Caldero et al., 1997) or death and Cantley, 1997; Franke et al., 1997; Jacobson et al.,
induced by axotomy of neonatal motoneurons in the rat 1997; Villa et al., 1997).
(Greenlund et al., 1995). In Lurcher mutant mice, which
show cell-autonomous increases in apoptosis of cere- Intracellular Proteases and Their Targets
bellar Purkinje cells, a mutation in the d2 glutamate re- During the death of sympathetic neurons in culture de-
ceptor leads to abnormally large inward currents (Zuo prived of NGF, a succession of well-characterized mo-
et al., 1997). A type of cell death that is morphologically lecular events culminates in an irreversible point of
comparable to acute excitotoxic cell death has been ªdeath commitmentº (reviewed by Deshmukh and John-
reported in nematodes bearing gain-of-function muta- son, 1997). Probably the last molecular event before this
tions in genes for the degenerins (Hall et al., 1997), trans- point is the activation of specific intracellular proteases.
membrane molecules that bear homology to mammalian Their actions on key intracellular substrates, including
amiloride-sensitive Na1 channels (reviewed by Tav- other protease zymogens, make these specificcytosolic
ernarakis and Driscoll, 1997). proteases the primary executioners of the cell death
Experimentally, neuronal cell death can obviously be program.
induced by a wide variety of treatments: axotomy, neu- Role of the Caspases in Neuronal Cell Death
rotoxins, free radicals, etc. Alternatively, deletion of Several of these proteases have now been identified. By
genes coding for transcription factors characteristic of far the best-studied class are the family of cytoplasmic
a given neuronal population often leads not to altered proteasescalled caspases because they have a cysteine
phenotype but to rapid apoptosis of the same neurons residue at their active site and cleave after aspartate
(Pfaff et al., 1996; Morin et al., 1997; Tiret et al., 1998). residues (Alnemri et al., 1996). The role of caspases was
In some cases, this may represent a failure to upregulate first identified in nematodes, where inactivation of the
genes involved in responses to survival factors (Morin gene coding for the CED-3 protease prevents all pro-
et al., 1997). In other cases, however, cell death is so grammed cell death. Although at least 10 family mem-
rapid that it may be a direct response to the change in bers are nowknown in mammals (andtwo in Drosophila),
the molecular identity of the neurons concerned and all may not be involved in apoptosis, and the precise
may be comparable to neuronal cell death resulting from role of those that are is still unclear (reviewed by McCall
and Steller, 1997; Nicholson and Thornberry, 1997;experimental disruption of regional identity in the neural
Review
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Figure 1. Molecular Mechanisms Potentially Underlying Neuronal Cell Death or Survival
The two panels represent a possible synthesis of some of the events that have been shown to occur during programmed cell death or during
rescue from cell death by survival factors. They represent only a fraction of the different cell death mechanisms described, and some of the
molecules illustrated may act otherwise in other situations. We have focused on those recent results that clarify the links between extracellular
signals and caspase activation. It should be stressed that for no single cell type (and in particular no neuron) have all these events been
directly demonstrated: our aim is to provide a picture of our best current idea of how neurons live and die. Relevant references are given in
the text. Green arrows represent activating pathways, red represents inhibition, and purple represents other mechanisms. Pathways in gray
are those considered to be inactive in a given situation.
DIE: The principal determining event in the death of many neurons seems to be activation of the protease caspase-3, which then acts on
intracellular substrates to execute the cell death program. Pro±caspase-3 can be activated by caspase-9, which undergoes self-activation
once it has formed a complex through its CARD domain (rectangles) with Apaf-1/CED-4, cytochrome c (indicated as c), and dATP. Formation
of this complex in the dying cell is enhanced by Bax bound to the outer mitochondrial membrane in at least two manners: Bax can relieve
the sequestration of Apaf-1 by Bcl-xL and can also act as a channel leading to mitochondrial swelling and release of cytochrome c into the
cytoplasm by unknown mechanisms. Although signaling pathways from death receptors have been well studied outside the nervous system,
it is not known by what mechanism they affect the caspase cell death pathway in neurons.
LIVE: Survival factors can act to prevent Bax from stimulating caspase activation. In the living cell, the majority of Bax molecules may be in
the cytoplasm. Furthermore, channel activity of Bax is inhibited by anti-apoptotic family members such as Bcl-2 or Bcl-xL, which also inhibit
cytochrome c release. Pro-apoptotic activity of Bax may also be reduced by heterodimerization with Bcl-xL (green arrows). Survival factors
enhance these changes by different mechanisms, one of which is shown here. Ligand binding to membrane receptors leads to activation of
the PI3 kinase pathway, activation of the Akt kinase, and phosphorylation of the cytoplasmic Bcl-2 family member, Bad. Phosphorylated Bad
is sequestered in the cytoplasm by the 14±3±3 protein, thereby preventing it from inhibiting heterodimerization of Bax with Bcl-2. Raf kinase,
which is brought to the mitochondrion by association with Bcl-2, may also phosphorylate Bad (not shown). In the living cell, Apaf-1/CED-4
is sequestered at the membrane by Bcl-xL, and in the absence of cytochrome c cannot interact with pro±caspase-9.
Salvesen and Dixit, 1997). We will focus here on cas- neurons (Du et al., 1997). Specific peptide active-site
inhibitors of caspase-3 block death of cultured neuronspase-3 and caspase-9 as they have been the object of
the most detailed study in neurons. in many different situations (reviewed by Villa et al.,
1997). Finally, in cell-free extracts of healthy nonneu-Caspase-3 activation plays a central role in apoptosis
of many neuronal classes. Caspase-3±deficient mice ronal cells, addition of caspase-3 is sufficient to trigger
apoptosis (Enari et al., 1996). However, caspase-3 acti-show doubling of brain size, correlated with decreased
apoptosis and premature death (Kuida et al., 1996). Pro± vation is not involved in all types of neuronal cell death.
Other caspases may be used as a function of cell typecaspase-3 is cleaved into its active form during apo-
ptosis of many cell types, including cerebellar granule or, interestingly, as a function of the death stimulus.
Neuron
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Thus, death of sympathetic neurons induced by NGF Dixit, 1997). However, genetic and biochemical evidence
suggests that specific pathways involving sequentialremoval requires a caspase-2±like enzyme, whereas fol-
lowing SOD depletion, apoptosis of the same neurons activation of different family members are normally
used. Many of the most recent findings have been ob-involves caspase-1 (Troy et al., 1996b).
Furthermore, caspase-independent mechanisms al- tained in cell-free systems prepared from nonneuronal
cells, but their implications are of general interest.most certainly exist. For instance, caspase inhibitors do
not inhibit apoptotic death of cerebellar neurons in- The Role of CED-4/Apaf-1
In the nematode, cell death requires the action of theduced by low K1 concentrations, although they block
caspase activity and DNA fragmentation (Miller et al., ced-4 gene product, which acts upstream of the CED-3
caspase (Shaham and Horvitz, 1996). Overexpression1997a). Similarly, the pro-apoptoticBcl-2 family member
BAX can induce death of Jurkat lymphoid cells, but of CED-4 in different systems leads to cell death that
can be blocked by caspase inhibitors (reviewed bynot DNA fragmentation, in the absence of detectable
caspase activity (Xiang et al., 1996). Caspase inhibitors Hengartner and Horvitz, 1994; Hengartner, 1996). In in-
sect cells, CED-4 promotes activation of CED-3 zymo-do not prevent death of target-deprived motoneurons
in ovo (CalderoÂ et al., 1998). In trophically deprived cul- gen (Seshagiri and Miller, 1997). Furthermore, when ex-
pressed in mammalian cells, the N-terminal domain oftures of ciliary neurons, inhibitors of another class of
protease, the calpains, are at least as effective as cas- nematode CED-4 can physically interact with CED-3,
and with vertebrate caspase zymogens that have largepase inhibitors in preventing neuronal death and DNA
fragmentation (Villa et al., 1998); they can also reduce prodomains, but not those such as pro±caspase-3 that
have small prodomains (Chinnaiyan et al., 1997b). Allneuronal cell death caused by hypoxia (Wang et al.,
1996b). Evidence also exists for involvement of the pro- these interactions require the putative ATP-binding do-
main, the P-loop spanning residues 158 to 165 of CED-4teasome (Sadoul et al., 1996).
Events Downstream from Protease Activation (Seshagiri and Miller, 1997; Chinnaiyan et al., 1997a).
These mechanisms are conserved to a striking degreeSubstrates for proteases in dying cells can be classified
into three main categories: (a) substrates that become in vertebrates (Figure 1). Apoptosis protease-activating
factor-1 (Apaf-1), so named because it is required foractivated after cleavage, the best example being that
of the pro-caspase zymogens themselves, which are caspase-3 activation in cytosolic extracts of HeLa cells,
is a vertebrate homolog of CED-4 (Zou et al., 1997).only activated once cleaved; (b) substrates that become
inactivated after cleavage; and (c) substrates involved Apaf-1 is a protein of 130 kDa that contains most of
the CED-4 sequence, flanked at the N terminus by ain the maintenance of cell morphology (reviewed by
Schwartz and Milligan, 1996; Porter et al., 1997; Villa et caspase-recruitment domain (CARD), involved in bind-
ing to caspases (Hofmann et al., 1997), and at the Cal., 1997). Many of these have been identified in nonneu-
ronal systems and some have been shown to be cleaved terminus by 40 WD repeats, which normally mediate
protein±protein interactions (Zou et al.,1997). In this cell-during neuronal death but, apart from activation of cas-
pase zymogens, it is not demonstrated that their cleav- free system, caspase-3 activation by Apaf-1 requires the
presence of three cofactors: pro±caspase-9, cytochromeage represents an obligate step in cell death.
One major biochemical feature of apoptosis is the c, and dATP (Li et al., 1997; Zou et al., 1997). Apaf-1
can bind to pro±caspase-9 through interaction betweenintranucleosomal cleavage of DNA (Wyllie et al., 1980),
which is not itself necessary for cell death. One endonu- the CARD domains present in both Apaf-1 and in the
long prodomain of caspase-9 (Li et al., 1997). This onlyclease that plays a key role was recently identified: cas-
pase-activated DNase (CAD; Enari et al., 1998), a novel occurs in the presence of dATP and cytochrome c, sug-
gesting that the CARD domain of Apaf-1 is not availableprotein with a nuclear localization signal. Cytosolic ex-
tracts from living cells do not themselves cause DNA when cytochrome c is absent from the cytosol. Forma-
tion of the complex leads to activation of caspase-9,degradation in coincubated nuclei, but caspase-3 treat-
ment of these extracts leads to intranucleosomal cleav- which in turn activates caspase-3 (Li et al., 1997). These
results demonstrate not only the key role of the CED-4age (Enari et al., 1996). Cleavage of nuclear substrates
of caspase-3 such as lamins or poly (ADP-ribose) poly- homolog Apaf-1 but also the existence of a protease
cascade in apoptosis.merase is not required for DNA fragmentation (Liu et al.,
1997a). The essential caspase-3 substrate in this system
is ICAD (CAD inhibitor; Enari et al., 1998; Sakahira et al., Controlling the Cytoplasmic Activation of Caspases
1998), a mouse protein closely related to human DNA It has been clear for some time that proteins of the
fragmentation factor (DFF; Liu et al., 1997a). Intact ICAD Bcl-2 family play a central role in regulating caspase
can inhibit CAD and probably sequester it in the cyto- activation. Recent results show that they may do so by
plasm. Mutation of the caspase-3 cleavage sites in ICAD several different and complementary mechanisms. We
inhibits DNA degradation, but does not prevent cell will focus here on their role in controlling release of
death (Sakahira et al., 1998). An unrelated mitochondrial cytochrome c from mitochondria, and on their interac-
protein called apoptosis-inducing factor (AIF) can also tions with CED-4/Apaf-1. However, we will first briefly
induce nuclear apoptosis in cell-free systems (Susin et review what is known about their normal role in neuronal
al., 1996). death and survival.
Roles of the Bcl-2 Family in Neuronal Cell Death
The nematode gene ced-9 encodes a protein whoseHow Are the Caspases Activated?
Caspase zymogens are quite susceptible to experimen- activity is necessary to protect cells that normally sur-
vive from programmed cell death. It shows homologytal activation by a variety of proteases (Salvesen and
Neuron
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to the Bcl-2 gene family in vertebrates, whose members determinant of the decision to die is the level of Bax
homodimers; proteins such as Bcl-xL and Bcl-2 inacti-play either anti-apoptotic or pro-apoptotic roles (re-
viewed by Merry and Korsmeyer, 1997). One key mem- vate Bax by heterodimerization. The mechanistic basis
of this generally accepted model is still not clear, andber of the Bcl-2 family in regulating apoptosis of many
neurons is Bax. Overexpression of Bax leads to in- indeed in some situations Bcl-2 and Bax may act inde-
pendently (Knudson and Korsmeyer, 1997). Recent dis-creased apoptosis in many systems. Importantly, facial
motoneurons in Bax null mutant mice show increased coveries concerning the biological functions of these
proteins may shed some light.numbers at birth and resistance to death induced by
neonatal axotomy (Deckwerth et al., 1996). Furthermore, Bcl-2 family proteins are mostly found in the outer
mitochondrial, outer nuclear, and endoplasmic reticu-sympathetic neurons cultured from Bax knockout mice
survive for long periods without trophic support, al- lum membranes (reviewed by Yang and Korsmeyer,
1996). Bcl-xL is structurally analogous to the pore-form-though they remain atrophic unless NGF is supplied
(Deckwerth et al., 1996). This is in contrast to Bax2/2 ing bacterial toxins, colicins and diphtheria toxin (Much-
more et al., 1996). Accordingly, Bcl-xL (Minn et al., 1997)lymphocytes, which respond normally to death stimuli
(Knudson et al., 1995). Thus, Bax is required for death and Bcl-2 (Schendel et al., 1997) have pore-forming ac-
tivities in synthetic lipid membranes. However, Bcl-2of many (but not all) neurons, even though they express
several other members of the Bcl-2 family. The require- pores are closed at neutral pH in these conditions (An-
tonsson et al., 1997). Interestingly, pores formed by Baxment for Bax may vary not only between neurons but
also as a function of the death stimulus. For example, do remain open at pH 7.5, and their formation is blocked
by Bcl-2 (Antonsson et al., 1997).An unproven possibilityBax is required for apoptotic death of cerebellar granule
neurons induced by NGF deprivation or low K1 concen- is that this inhibition reflects heterodimerization and is
the basis for the protective effects of anti-apoptotictrations but not if death is induced by NMDA stimulation
(Miller et al., 1997b). Bcl-2 family members. This would imply that flux of
ions (or other small molecules) through the putative BaxIn contrast, overexpression of Bcl-2 and Bcl-xL leads
to increased survival in many systems and can protect channel has a negative effect on cell survival. This could
conceivably involve changes in mitochondrial membraneagainst both experimental and genetic lesions (Martinou
et al., 1994; Parsadanian et al., 1998). Indeed, the fact potential and mitochondrial swelling that are associated
with both necrosis and apoptosis and inhibited by over-that a given neuronal death process can be inhibited by
overexpression of Bcl-2 has often been considered to expression of Bcl-xL (Vander Heiden et al., 1997).
Another possible level of control of Bax activity otherbe diagnostic of the activation of the cell death program
(e.g., see Zanjani et al., 1996). Loss-of-function analysis than by Bcl-2 family members is suggested by the recent
observation that Bax is mainly soluble in the cytoplasmhas also demonstrated important roles for both proteins
in neurons. Bcl-xL is widely expressed in the nervous in living cells and becomes targeted to the mitochondria
only in cells undergoing apoptosis (Wolter et al., 1997).system (Gonzalez-Garcia et al., 1995). Mice deficient
in Bcl-xL die at embryonic day 13 and analysis of E12 Control of Cytochrome c Release by Bcl-2
Family Membersembryos shows massive death of immature postmitotic
neurons throughout the brain and the spinal cord as One key link between Bcl-2 family function and caspase
activation is likely to be cytochrome c, an essential co-well as in developing dorsal root ganglia (Motoyama et
al., 1995). Bcl-2 knockout mice show progressive loss factor for activation of caspase-9 by Apaf-1 (see above).
In healthy cells, holocytochrome c is localized in theof a fraction of facial motoneurons and sensory neurons
(Michaelidis et al., 1996; PinÄ on et al., 1997), and sympa- intermembrane space in mitochondria. It is released into
the cytosol in response to a variety of cell death stimuli,thetic (Greenlund et al., 1995) and sensory (PinÄon et al.,
1997) neurons from these mice showdiminished survival and this release can be blocked by overexpression of
Bcl-xL or Bcl-2, leading to inhibition of apoptosis (Khar-in culture at appropriate stages.
Although we will focus here on the roles of the Bcl-2 banda et al., 1997; Kim et al., 1997; Kluck et al., 1997;
Vander Heiden et al., 1997; Yang et al., 1997b). Althoughfamily upstream of caspases, they may also be involved
as protease substrates. The N terminus of CED-9 is a changes involving membrane potential and outer mem-
brane rupture can themselves lead to loss of cyto-substrate for CED-3; this probably allows it to act as a
competitive inhibitor of CED-3 in the same way as the chrome c and other mitochondrial components (Kim et
al., 1997), it is possible that the cytochrome c releasebaculovirus protein p35 (Xue et al., 1996). The C-terminal
product of CED-9 cleavage is close in structure and involved in triggering apoptosis occurs more rapidly, by
a mechanism that remains to be determined (Kluck etfunction to Bcl-2. Bcl-2 itself can be cleaved by cas-
pase-3, giving rise to a pro-apoptotic truncated protein al., 1997; Yang et al., 1997b).
Molecular Interactions of Bcl-2 Family(Cheng et al., 1997).
The Bcl-2 Family as Mitochondrial Channels Members with CED-4
The other identified role of Bcl-2 family members inBcl-2 family members can form homo- or heterodimers;
these interactions are mediated by the highly conserved regulating caspase activation probably involves direct
interactions between them and CED-4/Apaf-1 (reviewedBH1, BH2, and BH3 domains, which are also required
for cell death. This fact, and the observation that chang- by Golstein, 1997). In mammalian cells, overexpressed
CED-4 can form a complex with CED-9 and CED-3 (Chin-ing the relative levels of pro- and anti-apoptotic mem-
bers of the family in a given cell can alter its cell death naiyan et al., 1997b). In the same cells, Bcl-xL can associ-
ate with long prodomain caspases, presumably togetherdecision, led to the proposal by Oltvai et al. (1993) of the
ªrheostat model.º According to this model, the primary with Apaf-1. Overexpression of CED-9 is sufficient to
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relocalize cytosolic CED-4 to mitochondrial membranes concentration of death-promoting Bax homodimers;
Bad is knownto inhibit this interaction (Yanget al., 1995).(Wu et al., 1997). When CED-4 associates with CED-9
(or Bcl-xL), CED-4 function, and thereby caspase activa- However, Bcl-x can also prevent death by mechanisms
independent of Bax (Cheng et al., 1996), perhaps bytion, is inhibited (Seshagiri and Miller, 1997; Chinnaiyan
et al., 1997b; James et al., 1997). Importantly, Bax and stabilizing the Apaf-1/Caspase-9 complex (see above).
The role of the MAP kinase pathway in neuronal sur-other pro-apoptotic family members can inhibit this in-
teraction, and thereby enhance CED-4 activity (Chinnai- vival is not entirely clear. Thus, activation of the Ras±Raf
pathway, and subsequent phosphorylation of extracel-yan et al., 1997b).
Although physical association (direct or indirect) of lular signal-regulated (ERK) kinase, have been reported
to occur following addition of neurotrophic factors suchApaf-1 with Bcl-xL remains to be demonstrated, a possi-
ble model (Figure 1) based on the many homologies as NGF (Kaplan and Miller, 1997) and to prevent apopto-
sis induced by NGF withdrawal from PC12 cells (Xia etbetween CED-4 and Apaf-1 is that in healthy mammalian
cells, Apaf-1 exists in an inactive complex with Bcl-xL al., 1995). However, ERK activation is not necessary for
the survival-promoting effects of NGF on sympatheticat the mitochondrial outer membrane. Cell death signals
(or lack of survival signals) lead to Bax-mediated release neurons (Creedon et al., 1996; Virdee et al., 1997), nor
is it sufficient for survival of hippocampal neuronsof Apaf-1, which is then activated by cytochrome c and
dATP and can thus interact with and activatecaspase-9. (Marsh and Palfrey, 1996). Thus, the mechanisms in-
volved may differ from one cell type to another. Interest-
ingly, Bcl-2 can target Raf-1 to the mitochondrial mem-
Signaling for Survival and Death brane through interaction with its BH4 domain, thus
Thus far, we have considered potential signaling mecha- potentiating the anti-apoptotic activity of Bcl-2 (Wang
nisms between the central decision point constituted et al., 1996a). Activated Raf-1 can phosphorylate Bad
by the Bcl-2 family, and downstream effectors of cell in these conditions, suggesting another mode of signal-
death. Although some variants of these pathways may ing for neuronal survival.
well turn out to be specific to certain neurons, it is not Signaling for Death in Neurons
possible with present knowledge to determine to what The specific mechanisms by which NGF kills developing
degree this might be true. In contrast, the signals up- neurons are still not clear (for discussion, see Bredesen
stream from the decision machinery are better under- and Rabizadeh, 1997). p75NTR has an intracellular domain
stood in neurons. As discussed at the beginning of this whose overexpression can induce death of some neu-
review, they may be different for different neurons or in rons in vivo (Majdan et al., 1997). However, the signaling
different conditions. However, only in some cases have pathway used by p75NTR to induce neuronal death is not
links been established with the Bcl-2 family; we will known. Release of ceramide and activation of NF-kB and
discuss these recent advances here. c-Jun N-terminal kinase (JNK) have all been observed in
Signaling for Survival glial cells after NGF binding to p75NTR (Carter et al., 1996;
Binding of trophic factors to their receptors elicits a Casaccia-Bonnefil et al., 1996), but their direct involve-
variety of signaling responses, depending on the recep- ment in neuronal death following NGF action remains
tor and the cell type (reviewed by Kaplan and Miller, to be demonstrated. In mesencephalic dopaminergic
1997). The twopathways that have beenmost implicated neurons, ceramide release and nuclear translocation of
in neuronal survival are the phosphoinositide-3-kinase NF-kB have been implicated in neuronal death induced
(PI3K) and mitogen-activated protein (MAP) kinase path- in vitro by tumor necrosis factor a, and translocation of
ways. NF-kB is significantly increased in brains of Parkinso-
Survival of PC12 cells induced by NGF, or of cerebel- nian patients (Hunot et al., 1997). Interestingly, IkB pro-
lar granule cells induced by IGF-1 requires signaling teins, which sequester NF-kB in the cytosol, can act like
through PI3K, as shown by the use of specific inhibitors ICAD (see above) as substrates for caspase-3 (Barkett
(Yao and Cooper, 1995; Datta et al., 1997; D'Mello et et al., 1997).
al., 1997; Dudek et al., 1997). However, although PI3K Rather more is known about mechanisms of neuronal
activation keeps sympathetic neurons alive in the ab- death induced by trophic deprivation and by excitatory
sence of NGF, it is not necessary for their survival in the amino acids, and in particular the role of the JNK group
presence of NGF (Philpott et al., 1997). Activationof PI3K of MAP kinases (reviewed by Herdegen et al., 1997).
leads to production of the lipid phosphatidylinositol-3,4- Although programmed neuronal death of sensory neu-
bisphosphate and subsequent activation of the serine± rons is still seen in embryos lacking c-Jun and/or Fos
threonine protein kinase Akt (reviewed by Franke et al., (Roffler-Tarlov et al., 1996), the action of c-Jun is neces-
1997). One important substrate of Akt kinase is the non± sary for death of sympathetic neurons deprived of NGF
membrane-bound Bcl-2 relative, Bad (Datta et al., 1997). (Herdegen et al., 1997). Transcriptional activity of the
Only nonphosphorylated Bad can bind to Bcl-x and AP-1 complex (which contains Fos and c-Jun) is in-
thereby inhibit its anti-apoptotic activity (Zha et al., creased by phosphorylation of c-Jun, and after with-
1996). Thus, Akt activation can prevent Bad from binding drawal of survival factors phosphorylation of c-Jun is
to Bcl-x and thereby keep Bad in the cytoplasm where essential for apoptosis in differentiated PC12 cells (Xia
it is sequestered by the phosphoserine-binding protein et al., 1995) and cerebellar granule neurons (Watson et
14±3±3. al., 1998). JNK can phosphorylate c-Jun, but high levels
Freed of inhibition by Bad, Bcl-x can now probably of JNK activity are not in themselves sufficient to induce
exert its survival-promoting activity in several ways. One apoptosis. Indeed, JNK levels are high in healthy neu-
rons relative to other tissues, and vary according tois by heterodimerizing with Bax, thereby reducing the
Neuron
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physiological stimulation (Xu et al., 1997), while Akt ki- physiological conditions, therefore, trophic factors may
act in part to prevent oxidative stress.nase can block cell death even when the c-Jun pathway
is activated (Philpott et al., 1997). Furthermore, although
JNK activation is observed following trophic deprivation
Conclusions
of PC12 cells (Xia et al., 1995), this is not the case in
granule neurons (Watson et al., 1998), suggesting that
After so much intensive study, can there be anything
other kinases may be involved. JNKitself may also phos-
important left to find out about neuronal cell death? The
phorylate other relevant substrates, such as Bcl-2 (Maun-
answer to this question must be a definite yes. In spite
drell et al., 1997) or the neuroprotective ATF-2 subunit,
of the onslaught of recent publications, we have much
which can heterodimerize with c-Jun (Reimold et al.,
to learn about the function of programmed cell death
1996).
of neurons, at least in vertebrates, and we have only
Like otheradult neurons, mature sympathetic neurons
partial information on the factors that are responsible
lose their acute dependance on NGF for survival. How-
for death of a given neuron at a given stage during
ever, removal of NGF leads to the same initial intracellu-
development. We do not understand why some neurons
lar changes, including c-Jun phosphorylation, as those
die in the absence of survival signals, while others need
observed in younger neurons (Easton et al., 1997). In
external stimuli to trigger cell death. Furthermore, we
fact, the mature neurons show a block in their cell death
still have few explanations for pathological neuronal loss
program at a point that is indistinguishable from that
and no drugs that prevent neuronal cell death in human
observed in the absence of Bax, although levels of Bax,
patients.
Bcl-2, and Bcl-xL are the same in young and mature After an initial period when the most decisive findings
neurons. In agreement with the idea that Bax function
came from genetics and cell biology, the last few years
is limiting, overexpression of Bax in mature neurons
have brought an incredible wealth of biochemical and
leads to their death (Easton et al., 1997). Whether this
structural information about the mode of action of the
reflects higher levels of Bax antagonists in mature neu-
different molecules involved in cell death. It will be nec-
rons, or modifications of the Bax protein, remains to be
essary to verify that the mechanisms reviewed here are
determined. Similarly, it is still unclear what signals relay
indeed brought into play in dying neurons and, perhaps
the absence of trophic support to the cell death ma-
more importantly, to determine how they vary as a func-
chinery.
tion of the cellular diversity of the nervous system. A
Genetic analysis of the components required for exci-
frequently encountered vision of neuronal cell death is
totoxic cell death is hindered by the observation that
that different influences can be integrated by the cell,
certain strains of mice display very little cell death after
which then decides whether or not to activate the ªcom-
seizures induced by experimental administration of kai-
mon death pathway.º It is indeed striking that neuronal
nate (Schauwecker and Steward, 1997). Thus, depend-
death in so many situations involves a similar series of
ing on the genetic background, null mutant mice may
intracellular cascades. However, we have seen that at
show phenotypes that are not directly related to the
virtually every level, parallel pathways exist to link the
targeted genes. Nevertheless, carefully controlled stud-
cause (presence of death factors, or lack of survival
ies have shown that kainate seems to induce seizures
factors) to the desired effect (successful removal of the
by acting at receptors containing the GluR6 subunit
cell with minimum disturbance of the surrounding tis-
(C. Mulle, A. Sailer, I. Perez-Otano, and S. F. Heinemann,
sue). Different pathways (e.g., different intracellular ki-
personal communication) and that subsequent neuronal
nases, different Bcl-2 family members, different cas-
death once again requires signaling through JNK (Yang
pases or other proteases) may be used by different cell
et al., 1997a). The isoform involved seems to be Jnk3,
types, or even by the same cell type in response to
which is highly expressed in brain, but not Jnk1 or Jnk2.
different stimuli. Although this diversity will further com-
Caspases are also probably involved since, encourag-
plicate the task of those writing reviews, it may be re-
ingly, caspase inhibitors are reported to provide protec-
quired for controlled and specific elimination of neurons
tion against ischemic injury in mouse brain (Hara et al.,
throughout development. It may also allow more specific
1997).
use of anti-apoptotic drugs as therapeutic agents (Thomp-
Overstimulation of glutamate receptors can also lead
son, 1995).
to increased production of superoxide (Lafon-Cazal et
al., 1993) and nitric oxide (Dawson et al., 1996), which
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